Abstract: The microstructures and mechanical properties of dissimilar weld joints between T92 and Super 304H steels were investigated. Dissimilar weld joints with four groove angles were constructed using gas tungsten arc welding. The results showed that post-weld heat treatment improved the mechanical properties of the dissimilar weld joints. The optimal groove angle for T92/Super 304H dissimilar weld joints was found to be 20°, considering mechanical properties. Furthermore, the transformation from equiaxed dendrites to columnar dendrites was observed in the weld metal. Epitaxial growth and delta ferrites were found around the fusion line between the Super 304H and the weld metal.
Introduction
Dissimilar weld joints are widely used in coal and nuclear power plants. In ultra-supercritical (USC) power plants, the boiler parts that are subjected to lower temperatures are made from ferritic steel for economic reasons. Other parts, operating at higher temperature above 590°C, are built with relatively expensive austenitic heat-resistant steels [1, 2] . Inevitably, there are thousands of dissimilar weld joints between low alloy steels and austenitic heat-resistant steels in modern USC boilers.
T92 and Super 304H heat-resistant steels were developed by Nippon Steel & Sumitomo Metal. They have been extensively used for super-heaters and re-heaters in USC boilers because of their superior creep strength and excellent resistance to steam oxidation and hightemperature corrosion [3] [4] [5] [6] [7] . Much research has been conducted on the mechanical properties and microstructure of T92 [3] [4] [5] [6] [7] [8] [9] and Super 304H [10] [11] [12] [13] . However, few studies have investigated T92/Super 304H dissimilar weld joints, especially on groove angles. Cao et al. [14, 15] found that the tensile strength of the T92 coarse grain (CG) heat-affected zone (HAZ) decreases owing to its CG tempered martensite structure. They confirmed that the tensile strength of the weld metal was improved by the orientation distribution of grains. Chen et al. [16] investigated the microstructure and mechanical properties of T92/Super 304H dissimilar weld joints after high-temperature aging. Their results showed that the secondphase particles gathered and coarsened along the austenitic grain boundaries. In addition, numerous studies on dissimilar weld joints have been reported for other steel grades [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Falat et al. [17] revealed that the HAZ of austenitic steel in dissimilar T91/TP316H weld joints was limited to only a narrow region with coarsened polygonal grains. The creep fracture mechanism was thought to be the intergranular dimple tearing by micro-void coalescence at grain boundaries. Shah [26] found that the mechanical properties of Inconel 617 filler materials were much better than Inconel 82 and 310 austenitic stainless steels. Onoro and Dupont [27, 28] reported that the most effective way to avoid delta ferrite in weld metal was to keep the ferrite former elements as low as possible. Denmolaei et al. [18] studied microstructural characterization of dissimilar weld joints between alloy 800 and HP heat-resistant steel. Their results showed that migration of grain boundaries was extensive and epitaxial growth existed at the fusion line.
The aim of the present study is to investigate the mechanical properties and microstructure of T92/Super 304H dissimilar weld joints with different groove angles to find the optimal groove angle range. Experimental procedure T92 and Super 304H tubes were joined by gas tungsten arc welding using TP304H as filler metal. Figure 1 shows a schematic diagram of T92/Super 304H dissimilar weld joints. The chemical compositions of the two base metals and the filler metal are given in Table 1 . All materials conform to the ASME standards. The welding parameters are shown in Table 2 . The welded joints were subjected to post-weld heat treatment (PWHT) at 730-760°C for 2 h to stabilize the austenitic phase and relieve residual stresses.
After X-ray nondestructive testing, specimens were cut, machined and examined to test their mechanical and structural properties. Tensile strength was tested based on NB/T 47014-2011 standard. Microhardness profiles across the weld metal-base metal interface were obtained at a constant load of 187.5 kgF with a loading time of 12 s.
Microstructure analysis was conducted by light optical microscopy and scanning electron microscopy equipped with energy X-ray spectroscopy. For light optical microscope and scanning electronic microscope observations, the samples were sanded up to 2000 grit, polished (with diamond paste) and etched.
Results and discussion

Microstructural features Base metal microstructures
The microstructure of the T92 base metal is displayed in Figure 2 (a). It consists of tempered martensite and precipitates along the grain boundaries and in the grains. The precipitates are intergranular MX (M = Nb,V; X = N, C) carbonitrides and M 23 C 6 (M = Fe, Cr) carbides at grain and subgrain boundaries [4, 7, 8] . The microstructure of the Super 304H base metal is shown in Figure 2 (b). The microstructure is composed of austenitic grains and precipitates. The average size of austenitic grains is 15 µm. The excellent creep strength of Super 304H was obtained thanks to the precipitates containing M 23 C 6 , Cu-rich and MX grains [10, 11, 13] .
Weld metal microstructures Figure 3 shows the microstructures of the weld metal. The equivalent chromium and nickel were calculated by Schaeffer equations [29] . Cr eq = Cr + Mo + 1.5Si + 0.5Nb = 19.78%
Ni eq = Ni + 30C + 0.5Mn = 20.33% (2) Figure 3 shows the typical weld microstructures, consisting of austenitic grains, equiaxed dendrites and columnar dendrites. The transformation from equiaxed dendrites to columnar dendrites was due to the decreased G/R ratio [30] . Moreover, the nucleation and growth of equiaxed dendrites hindered columnar dendrite growth. Figure 4 shows microstructures of the fusion line including T92 with weld metal and Super 304H with weld metal. As shown in Figure 4(a) , the fusion line between T92 and weld metal was clear. The HAZ of T92 near the weld metal contains CG and fine-grain tempered martensites.
Interfacial microstructures
Equiaxed dendrites Equiaxed dendrites
Columnar dendrites The average grain sizes of the CGHAZ and the fine-grain HAZ were 25 µm and 10 µm, respectively. The formation of the CGHAZ was caused by the higher temperature during welding because the growth of grains was controlled by temperature and diffusion rate of atoms. Delta ferrites can be observed in the CGHAZ near the fusion line in Figure 4 (b). Delta ferrites are responsible for the fracture position of the CGHAZ in the weld joints owing to their detrimental effect on the mechanical properties of steels [28] .
Figure 4(c) shows the fusion line between weld metal and Super 304H. The grains in the Super 304H HAZ were larger than those of the base metal, indicating that there was only grain growth during welding process. Furthermore, epitaxial growth was identified at the fusion line of Super 304H and weld metal. Figure 5 shows the measured tensile strength of T92/ Super 304H dissimilar weld joints with different groove angles. The tensile strength increased with increasing groove angle from 7°to 25°, all of which are above ASME standards for T92 and Super 304H. In addition, the fracture of the weld joints was located in the T92 HAZ, indicating tensile strength of the T92 HAZ was relatively weak. From the fracture morphology in Figure  5 (b), it was found that the fracture mode was ductile fracture, owing to the high tensile strength. The alloy compositions of 18Cr-8Ni in Super 304H are significantly higher than those in T92. Based on the strengthening mechanism of nano-Cu phases and solution strengthening, the design and application strengths are higher in Super 304H than in T92. The contents of Ni and Cr in the weld metal are very high despite dilution during the welding process. Under solution strengthening of those alloys, the tensile strength of the weld metal exceeds that of T92. The T92 HAZ was subjected to high temperatures during welding, and the growth and aggregation of second-phase particles led to the relatively low tensile strength of the T92 HAZ. Figure 6 shows the results of the microhardness tests. The hardness of the T92 HAZ with 7°groove angle was higher than that for other angles. The hardness values for the T92 HAZ were the highest among all the regions, whereas the lowest hardness values were obtained at the weld metal of the weld joints. When the groove angles were 15°, 20°and 25°, the hardness values were similar at respective positions on the joints. The highest hardness values were in the range of 310-325 at the T92 HAZ, which was higher than the hardness value of the T92 base metal. This was caused by the transformation from austenitic to martensitic during the welding process. In contrast, the values in the Super 304H HAZ remain the same as the base metal because there was no phase transformation in the welding process.
Mechanical properties
The results of the bending tests are listed in Table 3 . Half of the specimens welded with 7°groove angle failed during bending tests, indicating that the specimens were sensitive to solidification cracking. The cracks were 1.5 mm × 1 mm and 1.8 mm × 1 mm. Other specimens passed the bending test. Figure 7 shows the results of the X-ray inspection of the welded tubes. When the groove angles were 20°and 25°, the X-ray results met the standard. However, there were welding tube partial failures with the 7°, 10°, and 15°g roove angles. For groove angles less than 15°, there were defects in the dissimilar weld joints. Table 4 shows influence of PWHT on the mechanical properties of dissimilar weld joints. All specimens without PWHT failed during bending tests. The tensile strength of specimens after PWHT was higher than for those without PWHT. The phase of the T92 HAZ was partly transformed from martensite to sorbite. PWHT improved the microstructures of the weld joints especially for the T92 HAZ. Therefore its ductility and durability increased. Moreover, the residual stress was induced during welding process. Therefore, the mechanical properties of specimens after PWHT were better than those of specimens without PWHT.
PWHT
Conclusions
1. PWHT enhances the mechanical properties of T92/ Super 304H dissimilar steel weld joints. 2. Detrimental delta ferrites were found near the fusion line between the T92 base metal and the weld metal. Transformation from equiaxed dendrites to columnar dendrites was observed in the weld metal. Epitaxial growth was observed at the fusion line between the Super 304H base metal and the weld metal. 3. All of the fracture positions of T92/Super 304H weld joints were in the T92 HAZ. The tensile strength of weld joints increased slowly with increasing groove angle. The highest hardness among the weld joints was located in the T92 HAZ; the lowest was in the weld metal. The optimal groove angle for T92/Super 304H dissimilar steel weld joints is 20°. 
